The DNA sequences of eight yeast ribosomal protein genes have been compared for the purpose of identifying homologous regions which may be involved in the coordinate regulation of ribosomal protein synthesis. A 12 bp homology was identified in the 5 1 DNA sequence preceding the stuctural gene for 6 out of 8 yeaBt ribosomal protein genes. In each case the homologous sequence was found at a position approximately 300 bp preceding the transcription start of the ribosomal protein gene. This homology was not identified in any non-ribosomal protein gene examined. Additional homologies between ribosomal protein genes were identified in the transcribed regions, including the untranslated 5" and 3' DNA regions flanking the coding regions.
INTRODUCTION
The synthesis of ribosomal proteins occurs coordinately in yeast (1, 2) as well as in other eukaryotes (3) . The basis for this coordinate regulation is unknown, although it is likely to be mediated at both the transcriptional (4) and post-transcriptional level (5) . Presumably yeast ribosomal protein genes share some common features which allow the expression of the approximately 75 ribosomal proteins to be coordinately regulated. An analysis of the ribosomal protein gene structure at the DNA sequence level would provide an indication of the extent to which these genes are similar, and perhaps reveal putative regulatory elements. To this end, eight yeast ribosomal protein genes have been compared for the purpose of identifying sequences that may be specific to ribosomal protein genes as a group.
METHODS

Sequence Comparison Strategy
The eight ribosomal protein genes compared include six genes isolated from £. c.£X£^ifiii£, and two from £.. and are listed in Table 1 . Non-ribosomal protein genes which were analyzed are also listed in Table 1 . Several procedures have been adopted to simplify the comparisons. For example, all the DNA sequences upstream from the start methionines were placed end to end within a single DNA sequence data file. This composite sequence was then compared to itself in order to obtain a single output (instead of a collection of outputs from many pairwise combinations of individual 5 1 ends).
Composite sequences of the other regions were made and compared in the same way. The composite files define (1) (4) introns (when applicable).
To further simplify the analysis, the two £. carlsberqensis ribosomal protein gene DNA sequences were not included in the initial homology search so as not to exclude homologies that might be specific to the £. cerevisiae genes.
Each composite sequence was compared to itself using a forward homology matrix program (15) . This program was used to identify regions of the composite sequence having homology of 8 (or more) bases matching within a span of an 11 base region. The parameters of the program were empirically set (Range«=5, Scale=.95, Minimum value plotted=75) such that the 8 matching bases must have at least four consecutive matches within the eleven base interval, and no consecutive mismatching bases. If a horaology meeting these criteria was identified in four of the six £. cerevlsiae ribosomal protein genes, then the region of homology was used as a subsequence in a second comparison to search the remaining ribosomal protein genes for weaker homologies that might have been missed in the first search.
(The second comparison also required that additional matches have at least 75% homology to the subsequence.) Homologous sequences were then compared to form a consensus sequence, and nonribosomal protein yeast genes (Table 1) were then searched for each consensus.
The 5 1 end of RP51A was compared with the 5' end of RP51B using the forward homology matrix program (15) and the parameters described above. Regions of homology were retained (i.e., Figure 1 ) if they maintained their order within the sequence. Also, a sequence was used only once as a region of homology. Otherwise stated, all homologies were constrained to lie between the same two neighboring homologies (using the A. -460  -450  -440  -430  -420  CCCCCATTAT TAATGCAACC TCTCTATTAT ACTTTTCTAT TTCGAACTTT   -410  -400  -390  -380  -370  TTGAGACTCA TTCTTGGTAT CCCAGCTGCA CCCACTAACC TTTTTTCCCC   -360  -350  -340  -330  -320  TTTAACATCC CTCCATTACA TCCGTACATT CTATTTTTTA TTTTCCAAAA   -310  -300  -290  -280  -270  AACTGGGAGT TCTACTTAAT TTTTTGCCCC CCTTTGCGAA TCTOCTTTCC   - homologies found with the composite sequence as initial benchmarks). Identical procedures were adopted for the comparison of the 3' ends of the two RP51 genes.
The published sequences of the ribosomal protein genes RP51A (6) and L3 (8) have been extended (by Abovich and Schultz, respectively) and are shown in Figure 2 . The DNA sequences of ribosomal protein genes RP59 ( Figure 3 ) and L16 ( Figure 4) Table 1 .
No matches of 11 consecutive bases were found that are common to all six ribosomal protein gene sequences, yet a 12 base sequence AACATC(T/C)(G/A)T(A/G)CA (HOMOL1, Table 2 ) was identified that is conserved in at least 5 of the 6 £. cerevisiae ribosomal protein genes. As shown in Table 2 530  GTC TCT TGG TTC AAG CAA AAG TAC GAC GCT GAT GTG CTC GAT AAA 1AA TTTGG  540  550  560  570  580  S90  TCTCCGTATA GTCAGTGACA ACATCAACTA CTTAATATAT AAGAACAAAT AAAATATCCC  600  610  620  630  640  650  AAAAATATCA TATATCCTCA TCACATTTGC AAGTCTAGCG CTTCGATGCG TTGTGAACAC  660  670  680  690  700  710  TTTGTCAATG TATTTAGTTG TATTCATACC CAATTTATTG GCACTTATTT GATACTCACC  720  730  740  750  760  770  ATCCAGGGTA ATAGAAAATG TGCTGAAAAA AAGCTAAACC TTTCTTATTA AGAAAATGGG  780  790  800  810  820  830  AACCATAACA GTGGTTCGAT TAATGAGGGA CCAATACTGT TGATAAGGGC ATTGCACCGA  840  850  860  870  880  890  GCAACGACCA ACAAGAAAAT GTTCAGAAGT ACAGTTTGGA GACGTTTTGC ATCTACCGGC  900  910  920  930  940  950  GAAATTGCGA AAGCAAACCT GGATGAATTC TTGATATACC ACAAGACAGA TGCGAAACTA  960  970  980  990  1000  1010  AAACCATTCA TTTACCGTCC CAAGAATGCT CAGATATTGT TAACTAAAGA TATTACGGAT  1020  1030  1040 (14) matching HOMOL1 (HOHOLla, Table 2 ) and also contain a second sequence similar to HOMOL1 (HOMOLlb, Table 2 ) which varies slightly from the consensus sequence. In both RP51A and RP51B, HOMOLlb occurs within 15 bp downstream from HOMOLla ( Figure 1 ). The consensus sequence HOMOL1 was not found in the available upstream region (see Table 2 ) of the fi. cerevisiae gene L3 or in the £. carlabergensia gene S10. It should be noted that we have In an attempt to identify homologies in regions that are likely to be transcribed and represent untranslated leader sequences, the sequence directly preceding the start methionine in each gene was compared by eye. A short homology TCAAGA (Table  2, 
(T/A)TCTAATG(G/A)T was identified as being common to both fi. carlsbergensis ribosomal protein gene introns, yet absent from the fi. cerevisiae introns (including ribosomal protein gene introns and non-ribosomal protein gene introns).
Open reading frames were searched for within each intron; none were longer than 117 nucleotides.
Analysis of Ribosomal Protein Gene dJ£ Sequence 1' iQ the Termination Codon
The analysis of ribosomal protein DNA sequences which occur 3' to the termination codon was carried out in the same way as has been described for the 5' regions and introns.
No sequence matches greater than five consecutive base pairs could be identified as being found at the 3 1 ends of all eight ribosomal protein genes. A sequence was identified, however, TNNATGTAT (Table 3B, HOMOL9) , which is found in all fi. cerevisiae ribosomal protein genes within a distance of 130 bases from the termination codon. This sequence was also identified in some non-ribosomal protein fi. cerevisiae genes examined.
The sequence AADAAA is known to be involved in the addition of poly A tails to mRNA in higher eucaryotes (27) . DNA sequences 3 1 to the termination codon were therefore searched for the sequence AATAA (Table 3B, ribosomal protein gene, except for the gene S10.
Analysis of Codin9 Regions
The coding regions of the eight ribosomal protein genes were assembled in a composite file (without intervening sequences) and analyzed in terms of both protein sequence and DNA sequence. Codon frequency was calculated for the composite file, and also for individual ribosomal protein gene coding regions.
Codon usage in ribosomal protein genes (when compared individually and as a group) is similar, both quantitatively and qualitatively, to other highly expressed genes in yeast (data not shown) (28). Non-preferred codons are used only occasionally by all eight ribosomal protein genes. Analysis £f RP51A and fiPJilB.
The DNA sequences encoding RP51A and RP51B were compared to identify DNA sequences which are conserved between the two RP51 genes.
Both genes are transcribed in vivo and the two geneB complement. The two proteins differ at only one of 133 amino acids and the coding DNA is 96% homologous (34). In contrast, the DNA sequences flanking the coding DNA are largely nonhomologous (see below).
Since both genes are functional ribosomal protein genes and probably diverged from a common ancestor, conserved sequences, in addition to those identified above, might function in the expression of ribosomal protein synthesis in general or of RP51 synthesis in particular. . Genes which are regulated in common presumably share DNA sequence homology by which regulation can be selectively directed. In the case of genes which are regulated in common by general amino acid control (Hisl. Hls3. flial, Irjji), the sequence A(A/T)GTGACTC has been identified, occurring in repeats at a variable distance from the start methionine within the 5 1 ends of these genes (12) . Similarly, the sequence AA(C/A)A(C/A)CCAAG occurs at a position approximately -30 to -60 in the region of five genes encoding glycolysis functions (32) . Not surprisingly, these sequences do not occur in the 5' regions of ribosoraal protein genes, yet they do provide an indication of the extent to which other commonly regulated genes share sequence homology. It is interesting to note that of the consensus sequences that have been identified, the number of invariant bases (underlined above) that comprise the consensus sequence is small. In the case of the general amino acid control consensus sequence AtA/T)GTGACTC. only three of the four invariant bases are colinear, suggesting that some sequences involved in gene regulation may be difficult to identify by a computer analysis of DNA sequences (as the signal/noise ratio would be quite poor at this criterion). Nevertheless, a comparison of yeast ribosomal protein gene DNA sequences was undertaken, given that no alternative data exist at present (such as deletion mapping analysis) from which to predict DNA sequences likely to be involved in the coordinate expression of ribosomal protein genes.
The most notable 5 1 region homology identified corresponds to HOMOL1, AACATC(T/C) (G/A) T(A/G)CA which is found in RP51A, RP51B, L16, RP59, and L29, and is conserved with respect to the sequence and its approximate position relative to the start methionine. In all cases (see Figure 1 for an example) HOMOL1 is followed by a stretch of T residues. HOMOL1 is an attractive candidate for a promoter or enhancer element specific to the transcriptional control of ribosomal protein genes, as it was not found in the 5' regions of any non-ribosomal protein genes examined. It is interesting to note that the sequence is also present, at the same location, in the £. carlsberqensis gene L17A. Although HOHOL1 was not found in S10, a preliminary analysis of additional upstream S10 sequence data, suggest that this ribosomal protein gene also contains this sequence element (R. Leer, personal communication). This is consistent with the notion that £. carlsbergensis is similar to £. cerevisiae (R. Planta, personal communication). An examination of the DNA sequence of L3 to -444 suggests that HOMOL1 may be absent from this gene. If so, it may be associated with many but not all ribosoraal protein genes.
A preliminary statistical analysis suggests that the presence of HOMOL1 upstream of most of the ribosomal protein genes is highly significant (data not shown). In contrast, many of the other identified homologies are considerably less significant, suggesting that some of these (e.g., HOHOL5) may be fortuitous rather than due to functional constraints. Experimental data will be required to determine whether HOMOL1 (and also HOMOL2-6) play a role in ribosomal protein gene expression.
For those ribosomal protein genes that contain introns (Table 3) Table II and our unpublished data).
In this context, it is of interest that a significant fraction of the homologies shown in Figure 1 are also present in Table II, suggesting that these regions  (BOHOL1,3 Neither HOMOL2 nor HOMOL4 is well conserved with respect to position, leading to the suggestion that they are not significant. Perhaps HOMOL2 is due to its similarity to HOMOL1, and HOMOL4 is due to AT-rich DNA. (BOMOL4 is not present in Figure 1 because it lies upstream of HOMOL3 in RP51A and downstream of HOMOL3 in RP51B.) HOMOL5 is probably the ribosomal protein gene "TATA box." HOHOL6 and HOMOL3 are short and difficult to evaluate (although HOMOL3 is quite well conserved with respect to position, with the exception of L29). The homologieB which are RP51-specific are also difficult to evaluate. HOMOL A is far upstream of the coding regions.
If it exists in other ribosomal protein genes, we may not have sufficient upstream sequence to identify it elsewhere.
Alternatively, HOMOL A and other RP51-specific homologies may be due to neighboring genes, upstream in the case of A,B,C and downstream in the case of X,Y,Z.
As described above, our data do not exclude the presence of other homologies not shown in Figure 1 or Table 2 . It would appear, however, that HOMOL1 and 3, especially HOHOL1 and its adjacent downstream T-rich segment, are the best candidates for ribosomal protein gene specific elements.
Indeed, analysis of preliminary DNA sequences of a ribosomal protein gene not included in this study suggests that H0M0L1 is a feature associated with at least one additional fi. cerevisiae yeast ribosomal protein gene (33) . The significance of HOMOL1, as well as other homologies specific to ribosomal protein genes, will be clarified as new ribosomal protein gene DNA sequences and experimental data become available.
